Neuropeptide S (NPS) has generated substantial interest due to its anxiolytic and fear-attenuating effects in rodents, while a corresponding receptor polymorphism associated with increased NPS receptor (NPSR1) surface expression and efficacy has been implicated in an increased risk of panic disorder in humans. To gain insight into this paradox, we examined the NPS system in rats and mice bred for high anxiety-related behavior (HAB) versus low anxiety-related behavior, and, thereafter, determined the effect of central NPS administration on anxiety-and fear-related behavior. The HAB phenotype was accompanied by lower basal NPS receptor (Npsr1) expression, which we could confirm via in vitro dual luciferase promoter assays. Assessment of shorter Npsr1 promoter constructs containing a sequence mutation that introduces a glucocorticoid receptor transcription factor binding site, confirmed via oligonucleotide pull-down assays, revealed increased HAB promoter activity-an effect that was prevented by dexamethasone. Analogous to the human NPSR1 risk isoform, functional analysis of a synonymous single nucleotide polymorphism in the coding region of HAB rodents revealed that it caused a higher cAMP response to NPS stimulation.AssessmentofthebehavioralconsequenceofthesedifferencesrevealedthatintracerebroventricularNPSreversedthehyperanxiety of HAB rodents as well as the impaired cued-fear extinction in HAB rats and the enhanced fear expression in HAB mice, respectively. These results suggest that alterations in the NPS system, conserved across rodents and humans, contribute to innate anxiety and fear, and that HAB rodents are particularly suited to resolve the apparent discrepancy between the preclinical and clinical findings to date.
Introduction
Anxiety disorders are among the most common psychiatric illnesses, with a lifetime prevalence of ϳ30% (Kessler and Wang, 2008) . While a number of pharmacotherapies are available, the lack of truly novel-acting compounds has led to a focus on the development of non-GABAergic compounds (Cryan and Slattery, 2007) . Neuropeptides represent such potential targets due to their distinct synthesis and release sites, and multiple behavioral functions Slattery and Neumann, 2010a) .
Neuropeptide S (NPS) together with its G-protein-coupled receptor, NPS receptor 1 (NPSR1), represent such a candidate system. NPS is synthesized in discrete clusters of brainstem nuclei, including the peri-locus ceruleus area (hereafter termed LC), whereas its receptor exhibits a widespread distribution pattern Leonard and Ring, 2011) . In rodent studies, central and nasal administration of NPS elicits potent anxiolytic and arousal effects, as well as facilitating the extinction of conditioned fear (Jüngling et al., 2008; Leonard et al., 2008; Meis et al., 2008; Ionescu et al., 2012; Lukas and Neumann, 2012; Wegener et al., 2012) .
In humans, Npsr1 is located in a chromosomal region linked to panic disorder, and a corresponding single nucleotide poly-morphism (SNP; Asn 107 Ile-rs324981) has been associated with increased risk of the overinterpretation of fear (Okamura et al., 2007; Donner et al., 2010; Raczka et al., 2010; Domschke et al., 2011) . However, while the preclinical findings to date suggest that increasing NPS levels within the brain reduces anxiety and fear responses, the human Ile 107 receptor variant exhibits increased surface receptor expression and a 10-fold higher NPSinduced signaling response than the Asn 107 variant Bernier et al., 2006) .
To investigate the discrepancy between rodent and human literature, and to test the efficacy of NPS as a potential anxiolytic therapeutic, its behavioral effects have to be confirmed in psychopathological animal models . Wistar rats or CD-1 mice selectively bred for high anxiety-related behavior (HAB; rHABs and mHABs, respectively) versus low anxietyrelated behavior (LAB; rLABs and lHABs, respectively) represent such models (Neumann et al., 2010; Sartori et al., 2011a) . In addition to their high innate anxiety, HAB mice display enhanced expression, and HAB rats display impaired extinction of conditioned fear responses, respectively (Muigg et al., 2008; Sartori et al., 2011b; Yen et al., 2012) . While these behaviors can be attenuated in rHABs with traditional anxiolytics, mHABs do not respond to such treatment (Sah et al., 2012) . These inborn differences make these rodents attractive models to further assess the genetic underpinnings of extremes in anxiety-related behavior and the anxiolytic potential of novel drugs .
Therefore, to address the putative discrepancy between the preclinical and clinical findings regarding the NPS system and anxiety, we tested the hypothesis that selective breeding for anxiety leads to genetic, expressional, and functional differences in the brain NPS-NPSR1 system. We next determined whether NPS administration could exert its anxiolytic and fear extinction effects in these animals with genetically predisposed psychopathologies and limited efficacy of traditional anxiolytics.
Materials and Methods

Animals
Adult male rHAB and rLAB Wistar rats (280 -350 g), mHAB and mLAB CD-1 mice (30 -35 g) and weight-matched nonselected Wistar rats (rNAB; Charles River) and CD1 mice (mNAB; Munich breeding) were used in these studies. Rats and mice were housed in groups of four, until 1 week before tissue harvesting or undergoing surgical procedures, when they were single housed. Animals were maintained on a 12 h light/dark cycle (lights on: rats, 6:00 A.M.; mice, 8:00 A.M.) in a temperaturecontrolled colony (21-23°C, 55% humidity). The animals had free access to food and water. All experimental procedures were performed in the morning (8:30 -11:30 A.M.) . The primary testing for the selection of experimental HAB and LAB rats and mice was performed on the elevated plus-maze (EPM) at the ages of 9 and 7 weeks, respectively, as previously described (Krömer et al., 2005; Neumann et al., 2010) . All experiments were conducted with the approval of the local governments of the Oberpfalz and Oberbayern.
Measurement of Npsr1 and Nps mRNA levels, and NPSR1 protein levels
Rats and mice were killed under basal conditions and brief 20 s isoflurane anesthesia. Brains were snap frozen in N-methylbutane stored at Ϫ80°C, and LC, paraventricular nucleus (PVN), and amygdala tissue samples were collected. The 3 ϫ 200 m PVN-targeted, 3 ϫ 200 m amygdalatargeted, and 5 ϫ 200 m LC-targeted sections were mounted on slides with the aid of histological staining and atlases (Paxinos and Watson, 1998; Paxinos and Franklin, 2001 ). Tissue punchers with diameters of 1.8 mm (rats) and 0.8 mm (mice; Fine Science Tools) were used to harvest PVN, amygdala, and LC tissues.
Quantitative PCR
Total rat and mouse RNA was extracted from PVN, amygdala, and LC tissue, and cDNA was prepared and the real-time quantitative PCR (qPCR) for Nps and Npsr1 performed as previously described (Elfving et al., 2008; Bunck et al., 2009 ). Briefly, real-time qPCR was performed on cDNA using a QuantiFast SYBR Green Kit (Qiagen) based on the manufacturer's instruction on a LightCycler (Roche Diagnostics) or an Mx3000P (Stratagene). Standard curves were generated, and each experiment was performed in duplicate. Relative transcript concentrations were calculated using the 2(Ϫ⌬⌬Ct) method (Livak and Schmittgen, 2001) . For a list of all primers used, see Tables 1 and 2 .
Western blotting
Total protein was extracted from PVN-containing tissue punches (separate cohorts from those used for qPCR). Briefly, tissue was homogenized in RIPA buffer (Sigma) supplemented with 0.1 M PMSF, 0.1 M sodium orthovanadate, and protease inhibitor, and incubated on ice for 30 min. After centrifugation (15 min, 14,000 ϫ g, 4°C), the supernatant was collected. Protein concentration was measured using the Pierce BCA Protein Assay Kit. Sixty micrograms of rat proteins and 15 g of mouse Housekeeping genes Target and housekeeping genes for rat Nps measurements Target and housekeeping genes for rat Npsr1 measurements
proteins were separated on a 10% SDS-polyacrylamide gel. After transfer onto a nitrocellulose membrane (Bio-Rad), nonspecific binding was blocked in Tris-buffered saline/0.1% Tween-20 (TBST), pH 7.4, supplemented with 5% nonfat milk powder (Sigma) for 1 h at room temperature. The semi-quantitative assessment of NPSR1 protein was performed using an anti-NPSR1 antibody purchased from Abcam (ab92425) or an anti-NPSR1 (Ab2; Leonard et al., 2011) , which was provided by Dr. Robert Ring (Pfizer, New York, NY). Membranes containing rat proteins were incubated in Ab2 (1:500) and those containing mouse proteins were incubated in Ab2 (1:500) or ab92425 (1:500) overnight at 4°C with gentle shaking. Thereafter, the membranes were washed three times for 5 min each in TBST, incubated in a 1:1000 dilution of HRP-conjugated antirabbit antibody (New England Biolabs) in 2.5% milk in TBST for 30 min at room temperature, washed three times, and visualized by chemiluminescence (Western Lighting, PerkinElmer). ␤-Tubulin (1:1000) was used as a loading control (New England Biolabs).
Genotyping of NPSR1 knock-out mice
Genomic DNA was prepared from hypothalamic punches of NPSR1 wild-type (WT; NPSR1 ϩ/ϩ ) and NPSR1 knock-out (KO; NPSR1 Ϫ/Ϫ ) mouse brains ( provided by Dr. Chiara Ruzza, University of Ferrara, Ferrara, Italy). DNA was incubated overnight at 55°C and 1000 rpm with horizontal shaking conditions in 200 l of proteinase K lysis buffer containing 50 mM KCl, 10 mM Tris-HCl, pH 8.3, 1 mM MgCl 2 , 0.45% Nonidet P-40, 0.45% Tween 20, 0.1 mg/ml gelatin, and 0.5 mg/ml proteinase K. Thereafter, samples were incubated for 10 min at 95°C and centrifuged for 10 min at 14,000 g, 4°C. Two microliters of genomic DNA was added to a PCR mix containing DreamTaq PCR Master Mix (Thermo Scientific) and primers in a final concentration of 0.2 M. The following three oligonucleotide primers were used: the forward primer was specific to the endogenous NPSR locus [5Ј-CCTTATCCTCAAACCACGAAGTAT-3Ј]; the second was a common reverse primer [5Ј-GTGGGTACATGAGAA GGTTAGGAG-3Ј]; and the third was a forward primer [5Ј-AAATG CCTGCTCTTTACTGAAGG-3Ј] specific to the targeting plasmid. The reaction mix was placed in a thermal cycler and incubated for 5 min at 95°C. The PCR proceeded for 40 cycles as follows: 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min. Additionally, samples were incubated at 72°C for 5 min and was finally stored at 12°C. Amplification products were separated by agarose gel electrophoresis at 140 V for 1 h and then stained with RotiStain (Roth), and images were captured using ChemiDoc XRS system (Bio-Rad).
Nps and Npsr1 sequencing and bioinformatic analysis
Genomic DNA was extracted from HAB and LAB rodents (NucleoSpin Tissue Kit), and sequencing primers (Tables 3, 4, 5, 6; were designed using Primer-BLAST (National Center for Biotechnology Information, Bethesda, MD). Sequencing and bioinformatic analyses were performed as previously described (Bunck et al., 2009) . The Nps and Npsr1 DNA fragments (Frags) were amplified using Taq-polymerase (Fermentas). Cleaned PCR products were used for sequencing by the Big Dye Terminator kit version 3.1 (Applied Biosystems), and sequences were resolved by capillary electrophoresis on a 3730 DNA analyzer (Applied Biosystems). Rat and mouse Nps and Npsr1 DNA sequences were analyzed using BioEdit version 7.0.2 (Hall, 1999) . Transcription factor binding sites in the Npsr1 promoter were predicted using the Transcription Element Search System (TESS; Schug, 2008) . Genomic coordinates are based on genome builds RGSC3.4 (EnsEMBL release 68) for rats and Mm10 (GRCm38, EnsEMBL release 68) for mice.
Copy number variation
The isolated genomic DNA was also used to measure the number of gene copies of Nps and Npsr1 using qPCR. The corresponding primers are listed in Table 7 . No cytosine-phosphodiester-guanine (CpG) islands, as assessed using CpG island searcher (Takai and Jones, 2002, 2003) , were identified.
Allele-specific transcription assay
PVN and amygdala tissues were punched as described above from F1 offspring of crossed HAB versus LAB rats or mice, respectively. Both crosses (i.e., HAB or LAB father) were performed to rule out imprintingbased effects. Total RNA was isolated, and the converted cDNA was used to quantify HAB and LAB alleles by qPCR, as described above. The primers were designed to differentiate between the HAB and LAB alleles by incorporating the SNPs between the rat (A(227016)G) and mouse (A(156453)G; rs37572071) lines (Table 8) at the 3Ј end of the respective primers.
Dual luciferase assays
Npsr1 promoter constructs. Homologous Npsr1 sequences of HAB and LAB animals were cloned into pGL3 basic luciferase vectors and trans- 
fected into mouse neuro-2a cells using Exgen 500 in vitro reagent (Thermo Scientific; Table 9 , primer list). The Npsr1 promoter constructs were cotransfected with a pRK5-Gaussia-KDEL vector, to normalize transfection efficiency, and an SV40-pGL3 vector was used as a positive control (a gift from Dr. Theo Rein and Dr. Ulrike Schmidt, Max Planck Institute of Psychiatry, Munich, Germany). Selected constructs were stimulated with 1 and 10 M/5 l dexamethasone (DEX; Ratiopharm) for 24 h before carrying out the dual reporter assay (Schülke et al., 2010) . Npsr1 cDNA constructs. Both rat and mouse HAB/LAB Npsr1 cDNA were amplified with primers (Table 10 ) carrying additional FLAG tag sequence using Phusion DNA polymerase (New England Biolabs). Finally, the HAB and LAB Npsr1 cDNAs were cloned into the XhoI/BamHI sites of pcDNA3.1/Zeo (Ϫ) (Life Technologies GmbH). Previous studies have shown that NPSR1 signals via the cAMP pathway ; thus, we used a cell line stably expressing a cAMP response element (CRE) cloned upstream of a luciferase reporter (HEK293-CRE-luc; Nordemann et al., 2013) to test the functional properties of HAB and LAB Npsr1 pcDNA constructs. The HEK293-CRE-luc cells were seeded at 2.5 ϫ 10 4 cells/well in a 96-well plate with DMEM containing 10% FBS, 1% sodium pyruvate, and hygromycin B (200 g/ml; SigmaAldrich). Twenty-two hours later, cells were replaced in media containing no hygromycin B, and then transfection was performed using 30 ng of HAB/LAB Npsr1 pcDNA constructs and 70 ng Gaussia vector per well using lipofectamine 2000 (Life Technologies). The cells were stimulated with 1 nmol/5 l NPS (Bachem) 40 h after transfection, and then the dual luciferase assay was performed at 48 h after transfection.
Oligonucleotide pull-down assay
To further determine the functionality of the SNP in the promoter region (rHAB, Ϫ388; mHAB, Ϫ506), we performed oligonucleotide pull-down assays to assess glucocorticoid receptor (GR) binding.
5Ј-biotinylated forward oligonucleotides, containing either the HAB or LAB sequence variant with putative GR binding properties, and their respective complementary nonbiotinylated strands (Table 11) were resuspended to a final concentration of 20 M, and then 5 l each of forward and reverse primer and 5 l of 10ϫ NEB buffer 2 were diluted up to 35 l with distilled water. The reaction mix was incubated for 4 min at 95°C and 10 min at 70°C, and was allowed to cool at room temperature 
Intron 9 (ϩ) ACTGTCCACTAGGCTGTGATGGC 9
Exon 10 (Ϫ for several hours to allow annealing of the oligonucleotides. Streptavidin beads (GE Healthcare Europe GmbH) were washed with 1 ml of ice-cold PBS and incubated with the annealed 5Ј-biotinylated oligonucleotides overnight. Nuclear extracts were prepared from total brain tissue from a Wistar rat subjected to restraint stress (by placing it in a Plexiglas restrainer for 30 min and killing it an hour later) using the NE-PER nuclear and cytoplasmic extraction reagent (Piercenet). The extract was precleared using streptavidin beads overnight at 4°C, and the protein concentration was estimated using the Pierce BCA Protein Assay Kit (Thermo Scientific). Then, 300 g of precleared nuclear proteins was incubated with the biotinylated double-stranded streptavidin Sepharose complex for 4 h at room temperature on a rotating shaker. Afterward, the entire complex was washed twice with RIPA buffer to remove unbound proteins, heated at 95°C in sample buffer, and then separated on 10% SDS-PAGE gels. The separated proteins were blotted on a nitrocellulose membrane, blocked for nonspecific binding using 5% milk-TBST for 1 h, and incubated overnight with a polyclonal GR antibody (sc-1004X, Santa Cruz Biotechnology) at 1:200 dilution in 2.5% milk in TBST. The next day, the blot was washed three times for 5 min with TBST and then incubated for 1 h at room temperature in an anti-rabbit HRP-conjugated secondary antibody (1:1000) dilution in 2.5% milk/TBST. Subsequently, the blot was washed three times for 5 min each in TBST, and proteins were visualized by chemiluminescence (Western Lighting, PerkinElmer). Finally, the blot was also subjected to colloidal silver staining (Harper and Speicher, 2001 ) to serve as the protein loading control.
Surgical and infusion procedures
Rats and mice were fixed in a stereotaxic apparatus and implanted with an indwelling guide cannula using isoflurane anesthesia under semisterile conditions, as previously described (Slattery and Neumann, 2010b; . A guide cannula (rat: 21 gauge, 12 mm long; mice: 23 gauge, 8 mm long) was implanted 2 or 1.5 mm above the right lateral ventricle [rat: anteroposterior (AP), Ϫ1.0 mm from bregma; mediolaterial (ML), ϩ1.6 mm; dorsoventral (DV), ϩ1.8 mm; Paxinos and Watson, 1998; mice: AP, Ϫ0.3 mm; ML, ϩ1.1 mm; DV, ϩ1.6 mm; 
(Ϫ) CTTTATGTTTTTGGCGTCTTCCA Table 10 . List of primers used for cDNA amplification of rat and mouse Npsr1 cDNA sequences with additional FLAG tag Franklin and Paxinos, 2007] and anchored to two stainless steel screws using dental acrylic. Animals were allowed to recover for at least 7 d before undergoing behavioral testing and injected with either vehicle (rats, 5 l; mice, 2 l of Ringer's solution), NPS (0.1 or 1 nmol) or the NPSR1-antagonist (NPSR1-A) D-Cys( t Bu) 5 -NPS (10 nmol; Guerrini et al., 2009 ; rats, 45 min before the anxiety tests or 20 min before fear extinction training; mice, 25 min before behavioral tests). Cannula placements were verified as previously described (Muigg et al., 2008) , leading to the exclusion of three HAB mice from further analysis.
Elevated plus-maze
The EPM was used to assess anxiety-related behavior in both rats and mice, as previously described (Krömer et al., 2005; Slattery and Neumann, 2010b ). The 5 min test was performed on a plus-shaped maze, which was elevated (rats, 70 cm; mice, 37 cm) from the floor and consisted of two closed arms (rats: 50 ϫ 10 ϫ 40 cm; 25-30 lux; mice: 30 ϫ 5 ϫ 15 cm; 10 lux) and two open arms (rats: 50 ϫ 10 cm; 90 -100 lux; mice: 30 ϫ 5 cm; 300 lux) connected by a central neutral zone (rats: 10 ϫ 10 cm; mice: 5 ϫ 5 cm). A camera above the maze enabled the assessment of behavior. The test started by placing the animal in the neutral zone facing a closed arm. During the test, the percentage of time spent on the open arms, as indicative of anxiety-related behavior, and the number of closed arm entries (rats) or total distance traveled (mice; Anymaze software, Stoelting), as indicative of locomotor behavior, were determined by an observer blind to treatment.
Light-dark box
This test was used to assess anxiety-related behavior in nonselected Wistar rats to confirm the anxiolytic effect of NPS. Briefly, the experimental setup consisted of one lit (40 ϫ 50 cm, 350 lux) and one dark (40 ϫ 30 cm, 70 lux) compartment connected via a small opening (7.5 ϫ 7.5 cm), enabling transition between the compartments. The floors in each compartment were divided into squares (10 ϫ 10 cm). Rats were placed in the dark compartment, and the time spent in the light compartment and the number of line crosses were assessed during the 5 min test. The time spent in the light compartment was used to assess anxietyrelated behavior, and the number of line crosses as an indicator of locomotor activity (Slattery and Neumann, 2010b) .
Auditory fear conditioning
The auditory fear-conditioning experiment was performed according to previous protocols for mice (Sartori et al., 2011b) and rats (Muigg et al., 2008) involving 120 s of stimulus-free habituation, and consolidation periods before and after the last stimulus presentations in all experimental sessions.
Mice acquired conditioned fear by the pairing of five audible cues [conditioned stimulus (CS); white noise, 80 dB, 2 min] and coterminating mild, short, scrambled foot shocks [unconditioned stimulus (US); 0.7 mA, 2 s] in conditioning chambers (TSE). Twenty-four hours later, three CSs in the absence of the US separated by 5 s were presented to mice for a fear expression test in a novel context (single mouse cage, illuminated with red light to 10 lux).
Rats also received five-tone CSs (white noise, 80 dB, 30 s) that each coterminated with a US (0.7 mA scrambled foot shock, 2 s) in the conditioning context (26 ϫ 30 ϫ 32 cm chamber cleaned with water and illuminated to 300 lux; Coulbourn Instruments). Twenty-four hours later, rats were exposed to 30 CSs in the absence of the US, each separated by an intertrial interval of 5 s for extinction training of cued conditioned fear in a novel context (standard rat cage swiped with ethanol and illuminated with red light to 10 lux). On the third day of the experiment, only three CSs were presented to rats in the extinction context.
The time remaining in freezing behavior during acquisition, fear expression test, and fear extinction training was manually assessed by an observer blind to treatment. Freezing scores during fear expression and during extinction, respectively, were binned into three-block averages. The percentage change in freezing behavior between the first-trial block of the extinction training and the extinction retrieval session was used as an indicator of fear reduction induced by the training and/or drug treatment. Animals showing Ͼ25% freezing to the context prior to the first CS presentation were excluded from the analysis.
Statistical analyses
Data were analyzed using either ANOVA (one-way, two-way, or two-way with repeated measures) followed by Fisher's least significant difference post hoc test or an unpaired t test. Statistical significance was set to p Ͻ 0.05 and performed using SPSS version 19.0.
Results
HAB rodents display lower Npsr1 mRNA expression and numerous polymorphisms compared with LAB rodents
Initial evidence for a role of the NPSR1 system in the phenotype of the breeding lines was provided by the demonstration of lower expression levels within the PVN and amygdala of HAB rodents compared with their LAB counterparts. rHABs displayed lower Npsr1 mRNA expression than rLABs only in the PVN ( p Ͻ 0.001; Fig. 1A) , and mHABs had lower expression only in the basolateral amygdala compared with mLABs ( p Ͻ 0.05; Fig. 1B) .
Sequencing of the Npsr1 gene demonstrated numerous insertions, deletions, and SNPs between both breeding lines (Tables  12, 13 ). In both rats and mice, the LAB sequence was identical to that of the reference strain (BN/SsNHsdMCW and C57BL/6J). TESS analysis revealed a nuclear factor-1 binding site within 500 bp of the DNA region in rLABs, while it was altered to a GR binding site in the corresponding rHAB position. In the homologous region of the mouse gene, adjacent to an activator protein-1 (AP-1) binding site, an insertion in the mHAB sequence also led to the introduction of a GR binding site. Intriguingly, within the coding region, synonymous SNPs [A(227016)G and A(156453)G; rs37572071] in exons 8 and 4 of rHABs and mHABs, respectively, were observed (Tables  12, 13 ).
cis-Acting polymorphisms drive higher HAB allelic expression As the differences in expression could be due to cis-trans factor interactions, we assessed HAB and LAB allelic expression in cross-mated F1 offspring. Higher HAB allelic expression, regardless of the maternal line, was observed in the F1 generation (rats: p Ͻ 0.001; Fig. 1C ; mice: p Ͻ 0.05; Fig. 1D ), which is in apparent contrast to the expression levels reported above.
HAB and LAB rodents differ in Nps mRNA expression and sequence
We could show higher Nps mRNA expression in the LC of rHABs compared with rLABs ( p Ͻ 0.05; Fig. 1E ), but no polymorphisms were observed between the rat lines. In contrast, while no mRNA expression differences between mHABs and mLABs were observed (Fig. 1F ) , numerous polymorphisms in the Nps gene were found (Table 14) . In total, 35 SNPs and one insertion were found within the mLAB Nps sequence, whereas the mHAB Nps sequence was identical to the reference mouse strain (C57BL/6J). The gene-coding locus of mLAB carried four SNPs, leading to amino acid changes at positions leucine(5)isoleucine, valine(10) isoleucine, and arginine(54)glycine; and a synonymous mutation coding for threonine at position 65 in the amino acid sequenceall before the mature 20 aa peptide (Table 14) .
HAB and LAB Npsr1 promoter assays help explain the mRNA expression differences
In both rats and mice, an equal number of gene copies of Npsr1 and Nps were observed in HAB and LAB (Nps: rHABs, 1.1 Ϯ 0.13; rLABs, 1.0 Ϯ 0.06; mHABs, 0.83 Ϯ 0.12; mLABs, 1.0 Ϯ 0.26; Npsr1: rHABs, 1.1 Ϯ 0.09; rLABs, 1.0 Ϯ 0.05; mHABs, 0.94 Ϯ 0.21; mLABs, 1.0 Ϯ 0.31), and no CpG islands were detected in the promoter region of either gene. Thus, to further assess the discrepancy between lower basal HAB Npsr1 mRNA and higher HAB-specific allelic expression in F1 offspring, we performed dual-luciferase assays. When rat promoter constructs of ϳ2000 bp upstream of the ATG translation start site were assessed, rHAB activity was approximately half of the corresponding rLAB promoter ( p Ͻ 0.001; Fig. 2A ). We also assessed the activity of promoter-deletion constructs to deduce the contribution of individual SNPs. No difference was observed between rHAB and rLAB Frag B (Ϫ1366 to start codon), while a higher activity in rLABs than rHABs was seen in Frag C (Ϫ867 to start codon; p Ͻ 0.01). These fragments comprise numerous SNPs, making their interpretation difficult, but they do reveal that the SNPs alter promoter activity. However, Frag D (Ϫ388 to start codon; containing only one SNP, which introduces a putative GR binding site) had a nearly twofold higher rHAB rat promoter activity in comparison with that in rLABs ( p Ͻ 0.001). Subsequent deletion of the G (Ϫ388)A SNP led to Frag E (Ϫ221 to start codon) with the C (Ϫ221)G SNP, where promoter activity did not differ between rHABs and rLABs ( Fig. 2A) . Similarly, using homologous mouse Npsr1 promoter constructs, we observed that the activity of the full-length mHAB construct was lower than the corresponding mLAB construct [Frag P (Ϫ1193 to start codon); p Ͻ 0.01]. As the putative promoter length decreased, no difference in the corresponding promoter activity between mHABs and mLABs was observed ՆFrag Q (Ϫ845 to start codon) and R (Ϫ634 to start codon)]; although, again, interpretation is difficult due to these fragments containing numerous SNPs. However, Frag S (Ϫ506 to start codon), which harbors the putative GR binding site and only one SNP, displayed higher mHAB promoter activity than the corresponding mLAB construct ( p Ͻ 0.01; Fig. 2B ). Moreover, while single CpG bases may influence promoter activity, as shown for human NPSR1 (Reinius et al., 2013) , these data suggest that the SNPs in Npsr1 promoter regions are sufficient to explain the observed differences in mRNA expression.
DEX administration reduces the activity of the HAB Npsr1 promoter
We next assessed the effect of DEX administration on HAB and LAB Npsr1 promoter activity to determine whether the predicted GR binding site close to the ATG start codon in the HAB rodents was functional. In keeping with our in silico data, the high activity of HAB Fragments D (F (3,16) ϭ 3.37; p ϭ 0.045) and S (F (3,16) ϭ 4.12; p ϭ 0.023), which was recapitulated here ( p Ͻ 0.001 for all HAB vs LAB comparisons), could be reduced by DEX administration ( p Ͻ 0.05 vs water; Fig.  2C,D) .
Oligonucleotide pull-down assay reveals functional significance of the HAB NPSR1 SNP
We could further show that the GR has significantly higher binding to the mHAB (Ϫ506) and rHAB (Ϫ388) Npsr1 promoters compared with the corresponding LAB regions (both p Ͻ 0.05; Fig. 2 E, F ) . In addition to the expected 95 kDa band size, there were degradation bands at ϳ55 and Ͼ245 kDa, which represent different antibody-specific immunoprecipitates (i.e., different GR isoforms or binding to their interaction partners).
Synonymous SNP in the HAB rat and mouse NPSR1 coding region causes increased functional activity
Previous studies have shown that synonymous SNPs are not always silent (Duan et al., 2003; Hunt et al., 2009) and that the nonsynonymous SNP in the coding region of NPSR1 leads to increased NPS efficacy and cell surface expression (Bernier et al., 2006 ). Therefore, we tested the functional impact of the synonymous SNPs in the HAB NPSR1 coding regions by transiently transfecting the HAB versus LAB NPSR1 constructs into cells expressing a luciferase gene downstream of CRE. This assay revealed higher NPS-dependent luciferase expression in cells expressing the HAB NPSR1 protein in both rats and mice compared with transient expression of respective LAB NPSR1 proteins (both p Ͻ 0.05; Fig. 3 A, B) , which is akin to the human Ile 107 risk isoform. However, we could not determine NPSR1 protein levels owing to the nonspecific nature of the two presently available antibodies, as revealed in genotype-confirmed WT and NPSR1 KO mice (Fig. 3C-E) . Thus, despite an ϳ200 bp deletion in the coding region in NPSR1 KO animals, as revealed by Western blot, a 43 kDa band (expected NPSR1 size; ab92425 antibody) or 72 kDa band (Ab2; Leonard and Ring, 2011) were observed in both WT and KO animals. Thus, both the presence of a respective band and the lack of difference in its weight provide evidence for the unspecificity of the currently available NPSR1 antibodies. 
Central NPS administration rescues the anxiety-related behavior and fear deficits in HAB rodents
We next determined whether these genetic and functional differences resulted in behavioral consequences of NPS and NPSR1-A administration in HAB and LAB rodents with genetic predisposition to extremes in anxiety. Initially, we confirmed the anxiolytic effect of intracerebroventricular NPS (1 nmol) administration in rNAB rats, as reflected by an increased amount of time spent in the light compartment of the light-dark box (LDB; p Ͻ 0.05; Fig. 4A ), whereas the locomotor activity was not altered by NPS (Fig. 4F ) . The anxiolytic effect of intracerebroventricular NPS administration has also previously been shown in nonselected CD-1 mice (Ionescu et al., 2012) . In rHABs, intracerebroventricular NPS administration dosedependently altered the percentage of time spent in the open arms of the EPM (F (2,26) ϭ 17.7; p Ͻ 0.001) with 1 nmol ( p Ͻ 0.001), but not 0.1 nmol, leading to an anxiolytic effect (Fig. 4B) ; whereas both doses (F (2,26) ϭ 12.0; p Ͻ 0.001) increased the number of closed arm entries (0.1 nmol, p Ͻ 0.01; 1 nmol, p Ͻ 0.001; Fig. 4G ). Central NPS administration also significantly increased the percentage of time spent in the open arms of the EPM in mHABs ( p Ͻ 0.001; Fig. 4C ) without altering locomotor activity (Fig. 4H ) .
On the other hand, blockade of the endogenous NPS system by intracerebroventricular administration of NPSR1-A (10 nmol) decreased the percentage of time rLABs and mLABs spent on the open arms of the EPM ( p Ͻ 0.05; Fig. 4 D, E) , although it did not affect locomotion (Fig. 4 I, J ) .
We next tested whether intracerebroventricular NPS could reduce the enhanced fear expression and/or facilitate the impaired fear extinction previously described in mHABs (Sartori et al., 2011b; Yen et al., 2012) and rHABs (Muigg et al., 2008) , respectively.
Conditioned freezing responses increased in mHABs (pairing: F (1,15) ϭ 93.0; p Ͻ 0.001), but not mLABs (pairing: F (1,16) ϭ 1.036; p ϭ 0.324; Fig. 5A ) across the five CS-US pairings, which is in line with our previous study (Yen et al., 2012) . Twenty-four hours later, intracerebroventricular NPS completely abolished fear expression in mHABs ( p Ͻ 0.001; Fig. 5B ), while the NPSR1-A did not alter freezing levels in mLABs ( p ϭ 0.307; Fig. 5B ).
In the rat study, rHABs and rLABs acquired cue-conditioned fear to the same extent (pairing: F (1,35) ϭ 495; p Ͻ 0.001; Fig. 5C ; and rLAB pairing: F (1,14) ϭ 202; p Ͻ 0.001; Fig. 5E ). Importantly, neither rHABs nor rLABs showed any freezing to the context on day 2 before the first CS presentation (Fig. 5 D, F ) . While there was no difference in fear expression between rHABs and rLABs (F (1,32) ϭ 1.17; p ϭ 0.288), vehicle-administered rHABs exhibited a retarded fear extinction compared with vehicle-administered rLABs (group: F (3,29) ϭ 5.961; p ϭ 0.003; CS: F (9,261) ϭ 18.4; p Ͻ 0.001; Fig. 5D ), confirming our previous results (Muigg et al., 2008) . However, intracerebroventricular NPS administration significantly accelerated fear extinction in rHABs, but not in rLABs (Fig. 5D) , which was also evident in the extinction retrieval test, as evidenced by a greater reduction in freezing between the first block of extinction training and the extinction retrieval session (line ϫ treatment: F (1,29) ϭ 10.4; p ϭ 0.003; data not shown). NPSR1-A administration did not affect the decrease in freezing levels displayed by rLABs during fear extinction training (drug: F (1,13) ϭ 0.669; p ϭ 0.428; CS: F (9,117) ϭ 19.5; p Ͻ 0.001; drug ϫ CS interaction: F (9,117) ϭ 0.667; p ϭ 0.738; Fig. 5E ), and between the first block of extinction training and the extinction retrieval test ( p ϭ 0.320; data not shown).
Discussion
In this study, we demonstrate that selective breeding of rats and mice for extremes in anxiety-like behavior leads to numerous differences in the Npsr1 gene sequences between HAB and LAB rodents, which, in turn, cause alterations in transcriptional and functional activity. SNPs were observed in the Npsr1 promoter region in HAB rodents that causes transcriptional inhibition. However, analogous to the effect of the Ile 107 SNP in the human NPSR1, a SNP in the exonal region of the rHAB and mHAB receptor sequence resulted in increased NPSR1 signal transduction upon agonist exposure. This increase in NPSR1 activity counteracts the effect of the SNPs in the promoter region and rescue NPSR1 function. Indeed, we could demonstrate that NPS administration elicits anxiolytic and fear-attenuating effects in HAB rodents, supporting this hypothesis. Together, these results suggest that attenuated endogenous NPS system activity mediates, at least in part, the anxiety-and fear-related phenotype of HAB rodents.
Given that the NPS system has been implicated in both anxiety and fear regulation, we speculated that genetic differences may contribute to the behavioral phenotypes of HAB and LAB rats and mice. Indeed, we initially demonstrated that Npsr1 mRNA expression within the PVN (rHABs) and basolateral amygdala (mHABs), regions implicated in local NPS-mediated effects (Smith et al., 2006; Jüngling et al., 2008; Meis et al., 2008) , were lower compared with their respective LAB line. Moreover, numerous polymorphisms were also found in the Npsr1 gene sequence of HABs, while, in contrast, the LAB lines did not differ from their respective reference genomes. While no difference in Nps mRNA expression was observed between the mouse lines, we could demonstrate a threefold higher expression level in rHABs compared with rLABs in the LC. In contrast, although no Nps sequence differences were observed between the rat lines, polymorphisms in the Nps gene leading to 3 aa substitutions within the putative signal peptide sequence of mLABs were identified (Table 11) . However, it remains to be determined whether these differences in Nps expression and sequence play a role in the rHAB and mLAB phenotypes, respectively. To discern whether the Npsr1 polymorphisms underlie the differential mRNA expression between the breeding lines, we next performed dual luciferase assays. These assays recapitulated the in vivo findings, as whole HAB rat and mouse constructs had lower promoter activity in vitro than their respective LAB constructs, which must be driven by the sequence variation. In contrast, as the putative promoter length was decreased, there was a twofold higher promoter activity in rHABs and mHABs, which is analogous to the higher HAB-specific allelic expression in the F1 offspring. This indicates the importance of the whole promoter, and the cross talk between cis-acting polymorphisms and transacting factors. Intriguingly, TESS analyses revealed the introduc- Figure 2 . Dual luciferase assays reveal differences in HAB (white columns) and LAB (black columns) rodent Npsr1 promoter fragments, and pull-down assays show preferential GR binding to the HAB promoter. Fragments displayed in the upper pictogram, with fragments A-E in rats (left), and P-S in mice (right). A-D, Dual luciferase assays of rHAB versus rLAB Npsr1 promoter constructs in pGL3 basic vector (A); mHAB versus mLAB Npsr1 promoter constructs in pGL3 basic vector (B); rHAB versus rLAB fragment D treated with 1, 10 M DEX, and water as a control for 24 h (C); and mHAB versus mLAB fragment S carrying the putative GR binding site treated with 1, 10 M DEX, and water as control for 24 h before the assay (D). E, F, Semi-quantitative Western blots for GR transcription factor binding to mHAB 506 versus mLAB 506 and rHAB 388 versus rLAB 388 (E), and representative images with left and right lower images showing corresponding colloidal silver staining (F ). Data are shown as the mean Ϯ SEM (n ϭ 3 for each group and represent independent assays performed in triplicate; except n ϭ 4 for Fig. 2E ); Ϫve and ϩve controls represent pGL3 basic and SV40-pGL3 vectors, respectively. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001, compared with HAB; #p Ͻ 0.05, when compared with water.
tion of a plausible GR binding site in the HAB sequence compared with a nuclear factor (NF)-1 or AP-1 site in the corresponding LAB promoters. A previous study (Mori et al., 1997) showed that GR causes the suppression of downstream interleukin-5 gene expression by interfering with activities of AP-1 or NF-B. Moreover, the presence of AP-1 and NF-1 has been shown to enhance chromatin accessibility and subsequent GR binding, which in turn helps to recruit other coactivators in the absence of glucocorticoids (Belikov et al., 2004; Biddie et al., 2011) . Thus, in HAB rodents it is possible that the adjacent NF-1 or AP-1 site enhances GR binding, and that this would, in turn, recruit other coactivators, leading to enhanced HAB-specific expression of Npsr1.
In contrast, DEX stimulation led to GR activation, which interferes with the activity of basal transcription factors like AP-1 and NF-B, leading to trans-repression (Newton and Holden, 2007) . Our finding that DEX administration decreased the promoter activity of Npsr1 in HAB rodents only suggests that such a cis-trans interaction is present in this line. Further, using oligonucleotide pull-down assays, we could confirm that the GR binds to this corresponding region of the HAB Npsr1 promoters. Although synonymous mutations, such as those observed in both rHABs and mHABs, do not lead to an altered amino acid sequence, they have previously been shown to affect mRNA splicing, stability, protein structure, synthesis, and folding (Cartegni and Krainer, 2002; Cartegni et al., 2002) . It has been shown that guanine nucleotides are more frequently observed than adenine nucleotides in the third position of synonymous substitutions (Hunt et al., 2009 ), and that this may impact both the incorpo- ration rate of amino acids into newly synthesized proteins as well as its subsequent translocation. Such strong codon usage bias has been shown to affect many aspects of gene synthesis in the human dopamine D 2 receptor (Duan et al., 2003) . Indeed, we found that both the rHAB and mHAB NPSR1 protein products resulted in greater NPS-induced cAMP response, similar to the human NPSR1 Ile 107 isoform . As we could not confirm NPSR1 protein levels, owing to the nonspecific nature of currently available antibodies, two possible explanations for this finding exist. Thus, the synonymous SNP may lead to higher surface receptor expression in HAB rodents, as observed for the human Ile 107 isoform (Bernier et al., 2006) , or it may directly affect NPS-NPSR1 signaling. Future experiments are required to determine which of the two mechanisms is responsible for the HAB NPSR1 phenotype. The findings demonstrating that selective breeding for anxiety leads to alterations in both the Nps and Npsr1 genes and/or expression are intriguing, given the apparent discrepancy between recent preclinical findings of anxiolytic NPS effects and those from human studies. Thus, HAB rodents provide a suitable model to study the effect of NPS administration in animals displaying a similar NPSR1 functional phenotype to that of humans with the Ile 107 allele. We initially recapitulated and confirmed the anxiolytic effect of intracerebroventricular NPS administration in nonselected Wistar rats (Lukas and Neumann, 2012) and CD-1 mice bred for intermediate anxiety (Ionescu et al., 2012 ) that has been reported in a number of rat and mouse strains (Xu et al., 2004; Leonard et al., 2008; Rizzi et al., 2008; Wegener et al., 2012) . Importantly, we could extend this by demonstrating that even hyperanxiety levels driven by a (seemingly) rigid genetic predisposition and resistance to traditional anxiolytic drugs in mHABs (Sah et al., 2012) are reversed by intracerebroventricular administration of NPS in HAB rats and mice.
Although a possible link between anxiety and locomotion has been discussed (Escorihuela et al., 1999) , and has been repeatedly described after intracerebroventricular NPS administration Ruzza et al., 2012) , we could dissociate the anxiolytic and arousal effects of NPS in both HAB rats and mice. Moreover, intracerebroventricular administration of a NPSR1-A (Guerrini et al., 2009 ) specifically increased anxiety in LAB rats and mice, suggesting an involvement of the endogenous NPS system in the determination of their low innate anxiety levels. This is particularly likely as NPSR1-A administration has not been shown to have an effect on anxiety alone in rodents.
As the Ile 107 NPSR1 is associated with panic and startle responses in humans (Domschke et al., 2012) , we finally determined whether intracerebroventricular NPS administration could reduce conditioned fear expression and facilitate the impaired fear extinction, respectively, in HAB rodents, as shown before in nonselected mice (Jüngling et al., 2008; Meis et al., 2008) . Indeed, intracerebroventricular NPS administration was able to reduce the exaggerated fear expression seen in mHABs and to accelerate fear extinction in rHABs. In contrast to the anxiogenic effect observed on the EPM, NPSR1-A administration did not affect fear extinction or fear expression in LAB rats and mice. The fact that NPS administration can rescue the behavioral phenotypes of HAB rodents, coupled with our molecular findings, suggests that a lack of endogenous NPS release may underlie their high anxiety-and fear-like phenotypes. Therefore, we propose that a similar situation may exist in Ile 107 NPSR1 carriers, given the similar increased NPS-induced signaling in mice, rats, and humans.
In summary, we could reveal genetic differences within the NPS system of rats and mice bred for extremes in anxiety-related behavior, which result in expressional and functional differences. Moreover, we have shown that synthetic NPS is an efficient anxiolytic agent, even in rats and mice with a strong genetic predisposition to high anxiety, and that it can reverse their deficits in fear extinction. Our findings suggest that differences in the brain NPS system underlie, at least partly, the HAB versus LAB behavioral phenotypes, which seems all the more probable given that functional differences have evolved in both rat and mouse lines, and mirror those in humans with the NPSR1 Ile 107 allele. Finally, these findings provide evidence to explain the apparent discrepancy between the preclinical and clinical observations to date, and suggest that NPS administration may be particularly effective in anxious patients with the high-risk variant.
